Current efforts in nonviral gene therapy are plagued by a pervasive difficulty in sustaining therapeutic levels of delivered transgenes. Minicircles (plasmid derivatives with the same expression cassette but lacking a bacterial backbone) show sustained expression and hold promise for therapeutic use where persistent transgene expression is required. To characterize the widely-observed silencing process affecting expression of foreign DNA in mammals, we used a system in which mouse liver presented with either plasmid or minicircle consistently silences plasmid but not minicircle expression. We found that preferential silencing of plasmid DNA occurs at a nuclear stage that precedes transport of mRNA to the cytoplasm, evident from a consistent >25-fold minicircle/plasmid transcript difference observed in both nuclear and total RNA. Among possible mechanisms of nuclear silencing, our data favor chromatin-linked transcriptional blockage rather than targeted degradation, aberrant processing, or compromised mRNA transport. In particular, we observe dramatic enrichment of H3K27 trimethylation on plasmid sequences. Also, it appears that Pol II can engage the modified plasmid chromatin, potentially in a manner that is not productive in the synthesis of high levels of new transcript. We outline a scenario in which sustained differences at the chromatin level cooperate to determine the activity of foreign DNA.
IntroductIon
Gene therapy is a promising treatment modality for single gene disorders, with several obstacles remaining before this technology can be used as a mainstay in the clinic. 1 In theory, nonviral DNA vectors provide a simple mode of gene transfer with potentially fewer side effects than other vehicles, such as viral vectors. 2 However, in mice, it has consistently been observed that exogenous transgenes in bacterial plasmid-based vectors are efficiently silenced in quiescent tissue such as the liver within the first several weeks after tail vein-mediated hydrodynamic transfection. [3] [4] [5] [6] The liver has been a particularly encouraging site for pilot gene therapies; transient curative levels of transgene expression have been achieved for a number of hepatodeficiency genetic diseases, including inborn errors of metabolism, hemophilia, and human alpha 1-antitrypsin (hAAT) deficiency. 7, 8 hAAT is a liver-produced and secreted serine protease inhibitor (serpin) that inhibits the digestive activity of various proteinases. hAAT deficiency is relatively common (with a similar incidence as cystic fibrosis in Caucasian newborns) and often leads to early-onset chronic obstructive pulmonary disease due to unchecked digestion of the extracellular matrix in lung tissue as well as liver disease due to accumulation of nonsecreted AAT in hepatocytes. 9 Approximately 2% of children with a liver phenotype go on to develop fulminant liver disease and require liver transplantation. 10 Although normal circulating levels of hAAT are 2 mg/ml, only 20% of this level is projected to be necessary for symptom alleviation. 9 Several trials have been conducted in replacing hAAT using various viral vectors, but all have had difficulty in achieving therapeutic doses. 7, 11, 12 Minicircles, which are derived from a parent plasmid by removing the bacterial backbone, 13 have been a promising DNA vehicle for gene replacement. Minicircles contain a minimal expression cassette, consisting of a promoter, transgene, and polyadenylation signal but are devoid of bacterial plasmid DNA elements. 13 It has been shown that minicircles are capable of sustaining expression for months at levels that are eventually 10 to 1000-fold higher than their plasmid counterparts. [13] [14] [15] Previously, the production of large amounts of minicircle DNA was highly time and labor intensive in comparison with making plasmid DNA given that minicircles do not contain bacterial elements such as selectable markers and origins of replication. Recently, significant improvements have been made in the production of minicircles, which now requires a similar amount of time, labor, and cost as plasmid production. 16 Although predominantly studied in the liver, minicircles have been used to achieve therapeutic levels of gene transfer in multiple tissue types, including heart and skeletal muscle. 17 In addition to their prospect as a gene therapy vehicle, minicircles have also shown promise in engineering manipulations used for generating pluripotent stem cells. 18 Despite the potential significance for future applications, we have a poor fundamental understanding of the mechanism responsible for the expression difference between minicircles and plasmids. The ability to maintain concentrations of plasmid and minicircle DNA are not different in vivo, thus a mere loss of DNA is not responsible for the differential silencing that is observed. 13 Likewise, in the absence of a lipid carrier, methylation of CpG 19 At some level, sequence differences between plasmid and minicircle are likely responsible for the expression differences. Given that the differences in expression have been implicitly tied to post-DNA events, there are many levels where regulatory differences might occur: transcription, pre-mRNA processing, degradation and/or nuclear transport, mRNA stability and translation. Currently, there is little support to include or exclude any of these mechanisms.
Work towards understanding the differences between silenced and active transgenes in direct DNA delivery has proceeded along several parallel lines. In efforts toward building better expression vectors, a series of different sequence elements have been added and removed, with analysis of the resulting transgenics for protein or RNA endpoints of expression.
2 These studies are of great value, but they do not resolve the mechanistic source of silencing. Our group has begun to investigate the properties of chromatin on minicircles and plasmids. Episomal DNA constructs with persistent expression have been found to have a modestly greater abundance (by 1.7-fold) of histone H3 lysine 4 di-methylation (H3K4me2), while unexpressed constructs showed enrichment (by 1.5-fold) in histone H3 lysine 9 trimethylation (H3K9me3). 20 Although of considerable interest, it is unclear how such modest bulk differences alone would mechanistically explain the substantial differences in activity. This leaves open many questions, including at which level silencing is enforced and what molecular characteristics maintain a distinction between silenced and active transgenes.
results
To study in vivo expression, we used a plasmid with a Rous sarcoma virus promoter driving a hAAT cDNA transgene (Figure 1a) . From this parent plasmid, we derived a minicircle that contained an identical expression cassette lacking the bacterial DNA elements (Figure 1b) . 13 Plasmid or minicircle DNA was then delivered to 6 to 8-week-old C57/Bl6 female mice by hydrodynamic tail vein injection. Following this type of injection, naked vector DNA is preferentially taken up by hepatocytes, 3, 21 with the injected DNA persisting in an episomal state. Livers were harvested at 6 weeks post-infusion. Copy numbers per cell were comparable between plasmid and minicircle injections (1.8 copies for the plasmid injections and 1.5 copies for the minicircle injections) in the harvested livers.
We measured transgene expression using multiple methods. To follow protein production, we quantified serum levels of hAAT over time by enzyme-linked immunosorbent assay. At 3 days postinjection, high and similar levels of hAAT were produced in both plasmid and minicircle-injected mice (Figure 1c) . As expected, by 6 weeks the plasmid expression was effectively silenced and the minicircle-injected mice produced 30-40 times more hAAT protein than plasmid-injected mice (Figure 1c) . For the described experiments, we harvested the transfected livers at 6 weeks post-injection, when DNA was stable in the nucleus and we observed a difference in transgene expression. At this timepoint, minicircle was still expressing while plasmid-mediated expression had been silenced. expression differentials at the level of rnA accumulation To evaluate the silencing process at an RNA level, we carried out both northern blotting and RNA-Seq for liver RNA from mice injected with plasmid or minicircle. Northern blotting of samples at day 1 and day 140 (with similar expression levels as week 6) after injection suggested a difference in mature mRNA (Supplementary Figure S1 online). We then proceeded with RNA-Seq as a means to both quantitate this difference and to look for additional RNAs that may be present during silencing.
Our analyses showed abundant levels of transgene-derived tags from the sense strand in minicircle-injected liver, with only sparse occurrence of such tags from the plasmid-injected liver (Figure 2 ; biological replicates in Supplementary Figure S2 online). We calculated values of 45.3-51.7 reads per kilobase of exon per million reads (RPKM) 22 for hAAT transcript from minicircle and 1.6-1.8 RPKM for transcript from plasmid ( Table 1) . For mouse liver, it had previously been found that a value of 3 RPKM corresponded to ~1 transcript per liver cell. 22 In our dataset, other genomic transcripts with similar RPKM values to minicircle included widely expressed housekeeping genes and liver-specific genes. Endogenous transcript RPKM levels similar to plasmid were largely annotated as hypothetical transcripts, tissue specific (non-liver) genes, and developmentally regulated genes that are expressed during various stages of embryogenesis.
The presence of reads derived from the plasmid suggested either a very low level of transcription occurring from selected copies of the plasmids (consistent with residual levels of protein observed from plasmid injectees at 6 weeks, Figure 1b ) and/or aberrant transcription. Although transcription from the plasmid was rare, transcripts appeared to be properly initiated; 5′ RACE results from plasmid at 6 weeks post-injection indicated the generation of at least some transcripts to enable the capture of proper 5′ ends identical to those derived from minicircle (Supplementary Figure S3 online).
Strand-specificity appeared to be maintained for both transgene modalities, with very little (if any) transcript from the antisense strand of the minicircle or from either strand of the plasmid (Figure 2 and Supplementary Figure S4 online). This argues against an antisensemediated mechanism in silencing of plasmid expression.
To further pinpoint where the silencing process occurred, we next analyzed RNA patterns for RNA from whole liver and from isolated nuclei. 23 To assess the quality of nuclear isolation, we examined the sequences for the enrichment of known nuclear RNAs. These analyses confirmed a substantial 10 to 20-fold enrichment for known nuclear RNAs (Supplementary Table S1 online). Overall patterns of read coverage were very similar in both total tissue RNA and nuclear-only RNA (Figure 2 ), but again with significantly higher levels of minicircle than plasmid RNA. The coverage in the nuclear samples was comparable to that observed with total tissue RNA, arguing for a nuclear origin in the differential expression of plasmid and minicircle DNA.
Mnase-seq and chIP-seq-based analyses of chromatin features associated with minicircle and plasmid transgenes
We performed micrococcal nuclease digestion followed by highthroughput sequencing (MNase-Seq) and chromatin immunoprecipitation followed by sequencing (ChIP-Seq) to study the Because the sequencing assays were genome-wide, we were able to confirm the specificity and quality of the assays by examining patterns of nucleosome positioning, histone modifications, and RNA polymerase II occupancy at numerous well-characterized genomic loci (Supplementary Figure S7 online) .
Nucleosome positioning. In bulk populations of nucleosomes from plasmid and minicircle livers, we observed nucleosomes throughout each construct with varying degrees of coverage over the entire transgene. In both cases, we observed a well-defined structure with positioned nucleosomes around the promoter, but with more apparent phasing, or regular organization of nucleosomes, throughout the minicircle cDNA and not on the plasmid (Supplementary Figure S6 online ). In some model systems, a nucleosome-free region is found at expressed genes upstream of the transcription start site (TSS), although less frequently in mammals than in yeast. 24 No strong nucleosome-free region region was evident for either plasmid or minicircle.
RNA polymerase II. RNA polymerase (Pol II) is enriched at actively expressed genes, but is also found at the promoters of unexpressed genes in a "poised" state without active elongation. 25, 26 We observed a prominent peak of Pol II signal at the TSS of the plasmid (Figure 3b ) and a smaller peak at the 3′ end of the cDNA, but saw very little Pol II elsewhere in the vector (Supplementary  Figure S8 online) . In contrast, we observed peaks of Pol II throughout the minicircle expression cassette (proximal promoter + hAAT cDNA) (Figure 3a) .
H3K4me3. Histone H3 lysine 4 trimethylation (H3K4me3) has been well-established as a general marker of expressed genes in many studied genomes. 27 H3K4me3 is also thought to be a remnant marker on genes that were expressed at earlier developmental stages, even if they are no longer actively transcribed. 28 In both minicircle and plasmid, we saw distinct peaks of H3K4me3 enrichment, but in different patterns (Figure 3) . In the minicircle, there were two well-positioned nucleosomes with H3K4me3 upstream of the TSS and two well-positioned nucleosomes at the 3′ poly-A signal (Figure 3a) . This configuration exhibits considerable similarity to nucleosome patterns that have been described for a number of expressed endogenous genes, where well-positioned nucleosomes at the TSS are frequently followed by nucleosomes with more flexible positioning with increasing distance downstream from the TSS, and an additional region of strong positioning at the 3′ end. 29, 30 The plasmid also showed peaks of H3K4me3, but with local differences as compared with minicircle and less well-defined patterning at the 3′ end of the cDNA (Figure 3b ).
H3K9me3. Histone H3 lysine 9 trimethylation (H3K9me3) is known to be enriched at a set of silenced regions in the genome, including at repetitive regions and nonexpressed genes; still, some H3K9me3 is also present on active genes. 31, 32 We found ~1.5 to 2-fold higher levels of H3K9me3 on the plasmid versus the minicircle throughout the expression cassette (Figure 3) . Much of the differential signal appeared concentrated at a single peak just upstream of the TSS, the plasmid.
H3K27me3. Histone H3 lysine 27 trimethylation (H3K27me3) has been found at silenced genes that were initially expressed at a specific developmental timepoint. 27 The largest overall difference in transgene modification between minicircle and plasmid that we observed was in H3K27me3 levels ( Figure 3) . We observed a 5 to 15-fold enrichment over the expression cassette of the plasmid (Figure 3b ) and an abundance of signal over the bacterial backbone (Supplementary Figure 8 online) . Significantly, we did not see an enrichment of this silencing mark on the minicircle (Figure 3a) .
H3K36me3. Histone H3 lysine 36 trimethylation (H3K36me3) enrichment, especially toward the 3′ end of a gene, is often a characteristic property for a subset of expressed genes. 27 In addition to expressed loci showing enrichment for H3K36 methylation, recent reports describe a type of euchromatin that is characterized by a lack of prominent H3K36me3 peaks 33 and a dependence on intron content and splicing for H3K36me3 enrichment. 34, 35 In the H3K36me3-enriched nucleosome libraries derived for this work, we saw examples of expressed endogenous mouse genes with and without H3K36me3 enrichment (Supplementary Figure S7d online) .
We saw a relatively modest enrichment of H3K36me3 signal on minicircle DNA, but with a >10-fold enrichment of H3K36me3 at the 3′ end of the cDNA gene (Figure 3a) , consistent with the characteristic pattern observed in some well-expressed genes. Intriguingly, a fivefold enrichment of this modification was observed over the expression cassette on the plasmid vector (Figure 3b) .
dIscussIon
Mechanisms leading to silencing of foreign DNA, readily observed in many biological systems, have led to both challenges and opportunities in understanding gene expression and in applications of engineered gene expression. 1, [36] [37] [38] [39] [40] Silencing processes in well-studied models include mechanisms regulating DNA integrity, DNA methylation, accessibility and transcription of chromatin, and stability of cytoplasmic RNA.
Our high-resolution analysis of chromatin provided both general properties and detailed maps of the plasmid and minicircle chromatin. We were particularly interested in the striking enrichment of H3K27me3 on the plasmid as compared with the minicircle at a timepoint when expression from the plasmid was silenced and the minicircle was still expressing. We also observed a modest enrichment of plasmid with H3K9me3, similar to the 1.5-fold enrichment that was previously found on comparable expression cassettes. 20 This is consistent with some relationship between this chromatin mark and the events marking the silenced locus, but substantially smaller in magnitude than the observed H3K27me3 presence. Therefore, an enrichment of H3K27me3 could be an important mark that distinguishes a silent episome from an active one, suggesting a role of the polycomb-group proteins in the regulation of plasmid DNA expression. 27 Modification of histone H3 by methylation at K4 and K36 are both associated with actively transcribed regions, with their distributions likely demarcating different characteristics of active chromatin. Similar distinctions have been reported in analyses of H3K36 methylation in diverse cell systems, with some correlation to the intron content of genes 34, 35 and to expression. 41 In the plasmid and minicircle constructs used here, the expression cassette was derived from cDNA, thereby lacking introns. We saw relatively sparse coverage of H3K36me3 on the minicircle, but the localized enrichment occurred at the 3' end of the gene, which is a characteristic area of enrichment for many expressed endogenous genes. 42 The K4me3 and K36me3 marks that we observed with plasmid several weeks after injection were associated with little transcript production. In this case, these modifications could reflect previous transcriptional events. We also may have enriched for the few copies of plasmid that were still active at a basal level in the liver as evidenced from positive 5′ RACE results (Supplementary Figure S3 online ) and the presence of low levels of RNA-Seq tags from plasmid. In addition, the plasmid expression cassette may have a bivalent chromatin structure. In stem cells, bivalent domains at certain developmentally regulated genes have both H3K4me3 and H3K27me3 enrichment, marking them as silent but poised for activation. 43 The pattern of Pol II coverage on the plasmid and minicircle fits with patterns that have previously been observed genome-wide. Pol II at the minicircle was present throughout the expression cassette, suggesting the presence of active transcription. However, in the plasmid, Pol II was concentrated at the promoter, as has been observed at inactive genes in metazoan genomes. 26 Overall, we observed histone marks consistent with silenced and expressed genes on both the plasmid and minicircle. Since we were studying a temporal snapshot of cells from the liver, each sample would be expected to consist of a population of cells including both expressed and nonexpressed transgene copies. The observed Pol II and histone modification properties were reflective of specific aspects of patterns previously observed on a genome-wide basis at endogenous loci, 27, 42 though unique aspects were also evident.
Chromatin structure in Saccharomyces cerevisiae has been extensively studied as a function of promoter type, histone modifications, and expression characteristics. 44 In comparing the regulation of minicircle and plasmid with well-characterized yeast promoters, the chromatin structure of our constructs was most consistent with that of TATA-box containing promoters in yeast. TATA-containing yeast promoters tend to lack a prominent nucleosome-free region, with the TATA element often obscured by a nucleosome. 45 The Rous sarcoma virus promoter in our expression cassette lacked poly dA/dT elements, contained a TATA-box, and had the TATA sequence wrapped up in a nucleosome.
Yeast genes whose promoters contain a TATA-box are thought to be environmentally responsive, while promoters that lack a TATA-box are more frequently observed to have a canonical promoter structure with a nucleosome-free region upstream of the TSS and are associated with housekeeping genes. 44 In recent work, it was proposed that promoters in yeast with high occupancy of nucleosomes within 150 bp of the TSS and dynamic nucleosome positioning in the rest of the vicinity were found to have large transcriptional changes in response to environmental stimuli. 46 These properties argue for an analogy between active exogenous constructs in mouse liver and a set of environmentally regulated yeast promoters. In support of the significance of promoters primed to respond to the environment, it has been shown that silenced plasmids in the mouse liver could be reactivated by repeated hydrodynamic delivery of saline. 47, 48 Hydrodynamic injection is known to be a physiologically demanding procedure, with increased oxidative stress and interleukin production, 48 as well as increased activity of transcription factors activator protein-1 and nuclear factor-kappa B. 47 The importance in understanding the mechanism of transgene silencing is critical to the development of improved gene transfer vectors for the treatment of many significant diseases. Uncovering these fundamental properties will be important to our understanding of how genes are regulated as well as attaining the most robust approaches for achieving high-level exogenous transgene expression, useful both in biological discovery and gene therapeutics.
Methods
Animal studies. All animal procedures were conducted in accordance with guidelines set by the National Institutes of Health, the Animal Welfare Act, and the Stanford University School of Medicine. All procedures were approved by the Institutional Animal Care and Use Committee.
C57/Bl6 female mice at 6-8 weeks of age were used for all experiments. Using a hydrodynamic (high-volume) injection protocol, 3, 21 20 ug of plasmid DNA in 0.9% saline were injected into the tail vein of the mice. DNA was prepared as previously described 13, 15 and checked for integrity by agarose gel electrophoresis. Serum samples were collected at several time points after injection via retro-orbital bleeding for hAAT protein quantification by enzyme-linked immunosorbent assay. Chromatin immunoprecipitation. Chromatin was isolated by grinding frozen mouse liver tissue in liquid nitrogen and briefly crosslinking material in 1% formaldehyde in buffer A (15 mmol/l HEPES-Na (pH 7.5), 60 mmol/l KCl, 15 mmol/l NaCl, 0.15 mmol/l β-mercaptoethanol, 0.15 mmol/l spermine, 0.15 mmol/l spermidine, 0.34 mol/l sucrose), 0.5 mmol/l phenylmethanesulfonyl fluoride, 1/100 dilution of protease inhibitor set III (Cal Biochem, Darmstadt, Germany), and 1 mmol/l dithiothreitol, for 20 minutes at room temperature. Crosslinking was quenched with glycine to 125 mmol/l. CaCl 2 was added to 2 mmol/l and micrococcal nuclease (MNase; Roche, Indianapolis, IN)) was titrated to digest the majority of chromatin to mononucleosomes at 37 o C, as described. 49 EGTA was added to a concentration of 10 mmol/l to stop the reaction.
The reaction was briefly spun and the pellet with insoluble chromatin was resuspended in RIPA buffer (1× phosphate-buffered saline, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1× HALT protease and phosphatase inhibitor, 1 mmol/l phenylmethanesulfonyl fluoride) and 2 mmol/l EGTA. Chromatin was solubilized by sonication with a Microson TM XL 2000 (microtip probe; Qsonica, Newtown, CA) five times for 30 seconds each at level 5, with 1 minute on ice in between each sonication. A 1/10 volume of 10% Triton-X was added to the lysate. The lysate was spun at full speed at 4 o C for 5 minutes and the supernatant containing soluble chromatin was collected. Input chromatin was precleared with Dynal beads conjugated with protein A (Invitrogen, Grand Island, NY) that had been washed three times with 1× phosphatebuffered saline plus 0.5% bovine serum albumin.
Each immunoprecipitation reaction was carried out as described, with minor modifications. 49, 50 Antibodies used in this work had previously been shown to perform well in ChIP experiments (see Supplementary Materials and Methods online). Briefly, 5 µg antibody was coupled to Dynal beads conjugated with protein A (Invitrogen). Precleared input chromatin was added to the beads and the reaction was incubated overnight at 4 o C. The beads were washed four times with lithium chloride wash buffer (100 mmol/l Tris-HCl, pH 7.5, 500 mmol/l LiCl, 1% NP-40, 1% sodium deoxycholate), followed by one wash with TE + 50 mmol/l NaCl. Immunoprecipitated material was eluted and crosslinks were reversed by adding 400 ul of lysis buffer (0.1 mol/l Tris-HCl, pH 7.5, 0.1 mol/l NaCl, 1% sodium dodecyl sulfate, 50 mmol/l ethylenediaminetetraacetic acid) with 0.2 mg/ml proteinase K and incubating for 6 hours at 65 o C, with frequent vortexing. DNA was recovered after organic extraction and ethanol precipitation. Adapters were ligated to the ends of the DNA and the fragments were minimally PCRamplified to isolate an unsaturated reaction to avoid bottlenecking and reannealing bias. Libraries were sequenced using either the Illumina GAIIx or HiSeq platforms (Illumina, San Diego, CA).
RNA extraction and assays. Nuclei were collected from frozen mouse liver grinds using the Nuclei PURE Prep isolation (Sigma, St Louis, MO). In brief, lysed cells were spun through a stringent 2 mol/l sucrose cushion and nuclei were pelleted by ultracentrifugation at 30000g for 45 minutes at 4 o C. Nuclear and total tissue RNA was isolated using the early steps of the miRvana miRNA Isolation kit (Ambion, Grand Island, NY). Total RNA was either Poly-A selected using the Poly(A)Purist mRNA isolation kit (Ambion) or de-enriched for rRNA using the Ribominus Eukaryote kit for RNA-Seq (Invitrogen). RNA was treated with DNAse to remove any contaminating genomic DNA, followed by organic extraction and ethanol precipitation. Directional RNA-Seq libraries were built using the ScriptSeq mRNA-Seq library preparation kit (Illumina-compatible, Epicentre) and sequenced using the Illumina GAIIx platform.
To capture 5′ ends of transcripts, 5′ RACE was carried out on poly-A selected RNA using the First Choice RLM-Race method (Ambion). Negative control samples were produced by omitting reverse transcriptase from RNA samples.
For northern blotting, animals were sacrificed on day 1 and day 140 after injection. Total RNA was extracted from mouse liver and run on 1% denaturing agarose gel. The northern blot was probed with a 220 bp P32-labeled hAAT cDNA probe to detect hAAT mRNA. The probe was generated via PCR by using primers 5′GCCGTCTTCTGTCTCGTGG3′ and 5′AAGAAGATATTGGTGCTGTTGG3 ′. After stripping, the same northern blot was re-probed with P32-labeled β-actin probe to detect β-actin as a loading control.
Selective hybridization. Selective hybridization of bulk nucleosomes was carried out as previously described. 6 In brief, a biotin-labeled probe against a 1.5 kb portion of the vector was generated using a biotin-labeled PCR primer and made single-stranded by stripping away the second strand with 125 mmol/l NaOH. The single-stranded probe was bound to streptavidin-coated Dynabeads (Invitrogen) and mixed with amplified Illumina-linkered nucleosome core DNA populations from mouse liver in hybridization buffer (12X SSC, 2X Denhardt's solution) with an equal volume of formamide. After washing and boiling, the hybridized DNA was PCR-amplified for a minimal number of rounds and sequenced using the Illumina GAIIx platform.
suPPleMentArY MAterIAl Figure S1 . Northern blotting with total liver RNA to evaluate hAAT RNA production from plasmid and minicircle at early and late postinjection timepoints. Figure S2 . Dot plots comparing read alignment counts from biological replicates of RNA-Seq samples from nuclear and total tissue RNA. Figure S3 . 5′RACE to capture 5′ ends of transcripts produced from plasmid or minicircle. Figure S4 . Total tissue and nuclear RNA coverage of the antisense strand of plasmid and minicircle from mouse livers harvested at 6 weeks post-injection. Figure S5 . Dot plots comparing read alignment counts from biological replicates of ChIP-Seq samples. Figure S6 . Selective hybridization of mouse livers injected with either minicircle (A) or plasmid (B) DNA displays overall nucleosome patterns. Figure S7 . Evaluation of ChIP-Seq enrichments at genomic loci representing regions with expression and lack of expression. Figure S8 . Bacterial backbone ChIP-Seq enrichments along the entire plasmid sequence. Table S1 . Evaluation of nuclear RNA fractionation. Materials and Methods.
